INTRODUCTION Overview
Our awareness necessity of cystic fibrosis (CF) significantly predates our ability to comprehend the molecular factors that underpin its cause and affect prognosis. The dire warning "Woe to that child which when kissed on the forehead tastes salty. He is bewitched and soon must die" has been circulating since the 1800s. 1 CF patients taste salty when kissed because an elevated level of sweat chloride is a hallmark of the disease. 2 If untreated, they rarely make it past their first birthday. 3 Typical presentation also includes failure to thrive caused by pancreatic insufficiency and chronic recurrent chest infections. 4 The molecular cause of CF was not elucidated until 1989, when CFTR was identified as the responsible gene. 5 The nearly 2,000 mutations that have since been identified 3 have been grouped into classes. Classes I-III tend to be associated with more severe forms of CF, whereas patients carrying mutations from classes IV-VI tend to have milder symptoms. The possible effects range from the production of functional CFTR with a reduced ability to traffic chloride ions (class VI) to the production of an immature CFTR that is destroyed before it reaches the cell membrane (class I). 3 Drugs are available that target specific mutation classes; other candidates are the subject of research or have progressed to clinical trials. 6 
Diagnosing CF in Africa
The highest reported prevalence of CF is among individuals of Caucasian descent, 7 in whom it is the leading cause of death among autosomal recessive diseases. 7, 8 It was assumed that CF only affected Caucasians, which skewed research efforts. A report from the World Health Organization (WHO) published in 2002 revealed that only a few countries, all European, had a mutation detection rate above 95%: Denmark, the Czech Republic, the Netherlands, Belgium, Switzerland, and the Republic of Ireland. 9 North America, along with Australia, New Zealand, Sweden, Portugal, Luxembourg, the United Kingdom, Italy, Malta, and Greece, had mutation detection rates of 80-89%. By contrast, only two African countries had data at the time of the publication of the report: Algeria (60-69% detection rate) and South Africa (70-79%). 9 CF was first reported in Africa in a black South African baby who died within half an hour of birth. 10 Several years later, twin black African boys became the first confirmed cases of CF at Baragwanath Hospital in Johannesburg, leading the authors to urge clinicians to consider CF as a possible diagnosis in this ethnic group. 11 This recommendation has not always been heeded, to the detriment of non-Caucasian CF patients. Early diagnosis of CF patients is critical because diagnosis after 6 weeks doubles the risk of development of severe pulmonary disease, which is the leading cause of death among CF patients. 12, 13 Several factors prevent the identification of CF patients on the African continent within the critical 6-week window. First, the assumption among clinicians that CF predominantly affects Caucasians has not been completely dispelled, resulting in underdiagnosis among non-Caucasians. Second, CF diagnosis in Africa may be overshadowed by more rampant phenocopic illnesses such as protein energy malnutrition, chronic pulmonary infections, and HIV.
14 Third, CF patients do not always display the classic triad of symptoms; in one study, only 4.6% of CF patients had all three symptoms, 4 increasing the likelihood of misdiagnosis. Fourth, the gold-standard diagnostic for C F-the sweat test Review particularly in mild cases. 16 The sweat test requires technical skill and rigor and can be reliably performed only at larger health centers and hospitals, reducing its availability to rural populations. 17 In Africa, there may still be countries where this test is not available at all. In Sudan, for example, the sweat test was only introduced in 2008 and was available at one hospital in Khartoum. 18 Fifth, almost 2,000 mutations have been identified in CF patients, 3 yet the full complement of causative mutations, particularly in non-Caucasian populations, remains unknown. This eliminates the possibility of relying solely on an existing genetic test for the unambiguous diagnosis of CF.
Determining the mutations that cause CF is complex. Although the ΔF508 mutation has been estimated to account for 70-90% of all the affected CF chromosomes globally, 3, 19 common variants are rare. Of the almost 2,000 variants identified, only 20 of them have an individual global frequency in excess of 0.1%. 3 This means that 10-30% of the chromosomes present in CF patients can be expected to carry rare mutations. CF mutations are also population-specific, varying by race and country. 20 The population-specific nature of the causative mutations and the fact that many of these variants are rare complicate the development of comprehensive molecular diagnostic tools. A diagnostic test can be effective only after members of the subpopulations in a country with symptoms suggestive of CF have had their entire CFTR sequenced and the identity and prevalence of each variant have been determined. These data can be used to define a diagnostic instrument with a local mutation detection rate above 90%, which is necessary for the test to be used with confidence. Because there are no mutation hotspots, it would be best to adhere to WHO's recommendation to use this population sequencing strategy in 50-100 putative CF patients in a given population in order to establish a relevant diagnostic tool.
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CF patient survival
The life expectancy for a European CF patient is approaching 40 years, which is a marked improvement from the life expectancy in 1938 of 6 months. 3 European patients benefit from the fact that research has been conducted on their populations for a longer period, resulting in a higher mutation detection rate. This advantage is frequently enhanced by a newborn screening program (NBSP) that enables early diagnosis. Babies with CF can then commence treatment, which restricts CF-related organ damage. European CF patients also tend to benefit from referral to multidisciplinary CF centers, which have a range of CF professional staff, including pulmonologists, pharmacists, psychologists, social workers, and microbiologists. 21, 22 This specialized holistic approach leads to fewer hospitalizations and allows these children to lead healthier lives. CF patient registries are invaluable for accurately determining disease epidemiology. In Europe, for instance, registry data have been used to inform each country's specific CF health policy. It also allows clinicians and researchers to track the impact of various interventions on patient quality of life and life expectancy. It has likewise been useful in identifying the European centers that are the most successful in treating CF. [23] [24] [25] All of these data can be used to make the necessary improvements to ensure a high standard of treatment for CF patients.
Data from North America and Australia reflect similar trends in survival and treatment of CF patients. Americans have access to a network of accredited CF care centers. 26 By 2009, all 50 US states had implemented a CF NBSP; as a result, 57.5% of Americans with CF were diagnosed as neonates in 2010. The age at diagnosis decreased from 6 months to 1 month, 27 which positively impacts prognosis. 12, 13 If mortality rates among the US CF population remain as they were in 2010, then American CF patients born in 2010 will live to at least 39 years. If mortality rates continue to decrease as they did in the first decade of the millennium, then American CF babies born in 2010 can be expected to live to age 45 years. 27 In Canada, which also has a network of specialized CF centers, median survival for a CF patient based on 2007 data was 49.7 years. Canada is in the process of introducing an NBSP; it is available in approximately 60% of its provinces. 28 A national CF NBSP commenced in 2003 in Australia, 29 where the median age at death from CF is 30 years. 30 In stark contrast, the life expectancy for a South African CF patient is 20.5 years. 31 There is no South African NBSP or a population-specific genetic test. Additionally, among the North African countries, only Egypt has an NBSP, but it only targets congenital hypothyroidism. 32 An Internet search did not identify any African CF registries. This negatively impacts life expectancy, hospitalization frequency, and the quality of life of Africans with CF.
The maximum annual treatment cost in South Africa per patient has been estimated to be R360,000, 33 which equates to approximately €26,905. This is triple the average annual wage. 34 Based on European and American data, the cost of CF (including indirect costs) can vary from €16,307 to €394,518 per patient, 35 depending on disease severity. Using Australian CF registry data, it was determined that the annual cost per patient with mild CF was €8,736; moderate and severe CF cost €22,071 and €28,994, respectively. 36 The estimated South African cost may reflect the impact of delayed diagnosis on treatment costs-CF patients are, on average, diagnosed at age 13 months. 37 Delayed diagnosis has been shown to have a negative impact on nutrition, growth, and lung function. CF patients who receive a delayed diagnosis also tend to be hospitalized more frequently, with more severe pulmonary exacerbations, increasing treatment costs. 13 Although it has been established that CF does indeed affect Africans, no comprehensive public health policy exists to increase the longevity of African CF patients. It may be assumed that the incidence of CF is low in relation to the major challenges faced by African health care, such as HIV and tuberculosis. However, without national CF registries and population screening for CF, there is no way to accurately determine the scale of the problem. Additionally, CF is often misdiagnosed, in part because of the prevalence of phenocopic illnesses but also because the mutations that cause CF are population-specific, necessitating the development of local genetic tests. Because the available commercial genetic tests have largely been designed based on European data, they are not able to detect mutations specific to a given African nation. In the absence of an appropriate public health response, African CF patients are frequently misdiagnosed, allowing organ damage to proceed unchecked. Misdiagnosis thus drives up the cost of the illness while simultaneously decreasing life expectancy. This is in contrast to Europe, where there is a comprehensive continental public health framework for treating CF, with a concomitant improvement in the quality of life and longevity. It was therefore our aim to survey the literature to assess Africa's state of readiness to implement the kind of public health program that would make a significant difference in the quality of life of African CF patients.
mATeRIALs AND meTHODs
A survey was conducted of the molecular epidemiology of CF in Africa up to 22 January 2015. Google Scholar was used to search for the term "cystic fibrosis, " and the name of each of the 49 states that make up continental Africa was used together with the Republic of Cabo Verde, São Tomé and Príncipe, the Republic of Seychelles, the Union of Comoros, and the Republic of Madagascar. To be included, the paper had to report the results of molecular screening done either in or outside Africa on African citizens (that is, individuals born in Africa who had migrated or the children born to these persons). We also included the results of Jewish populations of African origin in whom we could expect minimal admixture with the people of their current country of residence. We included patients with congenital bilateral absence of the vas deferens, a CF-related disease. Carrier screening data were excluded. When potential CF patients were screened for only one mutation and a second mutation remained unidentified, this was not counted in the category of "unknown mutation" because it is possible that the second mutation would have been uncovered if a more thorough investigation had been performed. If the report detailed the search for more than one mutation, then any chromosome that remained unidentified was categorized as "unknown mutation" ("U"). Investigations that searched for only one mutation and in which none of the chromosomes were positive for that mutation were excluded. The data were recorded per chromosome (not per patient), and only individuals in whom at least one mutation was identified were included in the collated data. We chose to record the data per chromosome for consistency given that many CF patients are heterozygotes.
ResULTs
Twelve African countries had published a total of 26 reports of molecular investigations into the cause of CF-Morocco, [38] [39] [40] Algeria, [41] [42] [43] Tunisia, 40, 41, [44] [45] [46] Libya, 47 Egypt, [48] [49] [50] Sudan, 18 Rwanda, 51 Senegal, 52 Cameroon, 52,53 Namibia, 54 Zimbabwe, 55 and South Africa, 2, 37, [55] [56] [57] [58] [59] [60] -for a total of 2,344 chromosomes screened. Only two publications met our inclusion criteria while also screening non-CF patients; 39, 58 in these instances, we included only the data obtained from the CF patients described in these publications. Because the publications span the period 1990-2014, methods as diverse as single-strand conformation polymorphism and sequencing were used. There was no standard list of mutations for screening, so there were differences between studies (Supplementary Table S1 online). This article therefore reports the total number of chromosomes tested for each mutation as well as the number of chromosomes found to be positive for a given mutation. The largest cohorts were investigated in North Africa (1,334 chromosomes) and Southern Africa (760 chromosomes; Supplementary Table S2 online) . Sudan, Rwanda, Cameroon, and Zimbabwe were the only countries where ΔF508 either was not included in the genetic screen or was not detected. In the remaining eight countries, 2,052 chromosomes were screened for ΔF508, which was detected at a frequency of 48%; this is lower than the global average of 70-90%. 3, 19 A total of 79 variants were detected in the included reports, of which 39 have been shown empirically to cause CF, 10 are of varying clinical consequence, 61, 62 4 have no associated evidence of pathogenicity, 4 are synonymous, 5 are novel, and 21 are unique to Africa (4 of the 21 were novel). The most frequently detected alleles were ΔF508 (992 chromosomes), 3120+1G>A (83 chromosomes), G542X (58 chromosomes), N1303K (51 chromosomes), W1282X (48 chromosomes), E1104X (41 chromosomes), 711+1G>T (36 chromosomes), 3272-26A>G (17 chromosomes), and 394delTT (15 chromosomes). It should also be noted that for 224 chromosomes, the methods used did not result in the resolution of the patient's molecular CF status. These instances are represented by "U" in Table 1 .
Approximately half of the papers (14 of 26) did not use kits or mutation-specific screening methods and therefore could identify novel or Africa-specific variants (Supplementary Table S1 online). These studies generated data for 1,120 (49%) of the chromosomes screened and led to the identification of 21 mutations that are unique to Africa. The rest of the chromosomes were tested using commercially available kits or mutation-specific methods. Only 12 variants were found in more than one country, underscoring the population-specific nature of CF mutations. Nine countries have published data on the CFTR of fewer than 100 patients (per WHO's 2002 directive 9 ). It should be noted that in 9 of the 12 countries, variants were discovered that have never been reported outside Africa. Tunisia heads the list with seven variants (2766del8, T665S, F1166C, 4268+2T>G, L1043R, 3279delAinsTCT, and 1811+5A>G), followed by Rwanda (A204T, 3041-71A>G, 4575+2G>A, 3272-32T>C), Egypt (1898+3A>C, T665S), South Africa (-94G>T, c. 54-1161_c.164+1603del2875), Senegal (c.4136+1G>A, EX17a-EX18del), Cameroon (Y1109X, 405+4A>G), Sudan (R1102K), and Zimbabwe (c. 54-1161_c.164+1603del2875). Only two of these Africaspecific variants (T665S and c. 54-1161_c.164+1603del2875) occurred in more than one nation. As of this writing, for the majority of African countries (42) there is no published account of a search for CFTR mutations in their population. As shown in Figure 1 , most of the molecular work has been done in the Northern African populations of Morocco, Algeria, Tunisia, Libya, and Egypt as well as in South Africa. In East Africa, only Rwanda has any published work, and West Africa is represented by Senegal and Cameroon. In Southern Africa, published molecular reports are from Zimbabwe, Namibia, and South Africa. It should be noted that all but two of the studies 48, 49 that could identify novel mutations used techniques other than, or in addition to, sequencing. Most investigations utilized less sensitive methods (e.g., polymerase chain reaction-restriction fragment-length polymorphism (PCR-RFLP); Supplementary Table S1 online) and progressed to sequencing only if there was an abnormal pattern. In some instances, the authors chose to screen for a specific mutation (such as ΔF508), and if no mutations were detected they proceeded to a different screening method whose result would again determine whether sequencing would be done. In others, if the mutation-specific test yielded no results, then the authors proceeded directly to sequencing. This was one way to address the cost and complexity of sequencing a large gene (CFTR is 189 kb long), but it raises the question of what mutations may have been missed via this strategy. This marked improvement is due, in large part, to a concerted public health thrust to ensure the availability of antiretroviral drugs and to reduce mother-to-child transmission of the virus. 63 Similarly, a public health intervention could radically improve the quality of life of Africans with CF. However, our survey has revealed that there is much to be done before such a strategy could be implemented.
DIsCUssION
One of the issues that needs to be addressed is the lack of epidemiological data. We recommend that each African nation establish a CF registry. This will facilitate accurate determination of the prevalence and incidence of CF in Africa-information that would define its impact and inform each nation's health policy. The registries would also be an invaluable tool for tracking the impact of various interventions on the overall health of CF patients and enable governments to know when they have met or exceeded targets set for improving the life expectancy and quality of life of CF patients. 64 Diagnosis of CF relies on two standard biochemical analyses: the sweat test and the fecal elastase-1 assay. Both tests should be made available in at least the major medical centers and hospitals. Molecular diagnosis would be an unambiguous way of identifying a CF patient if the full complement of causative mutations was known. However, because the mutations tend to be population-specific, each country will need to determine the mutations present among its people and tailor the molecular diagnostic tools accordingly. Africa is lagging in this regard, with 78% of countries having no published record of any molecular investigation of CF. Three-quarters of the countries that have published molecular screening work appear to have screened fewer than 100 patients, indicating that there are likely to be additional unidentified mutations. In fact, our data indicate that attempts to identify mutations present in CFTR failed in approximately 15% of the African chromosomes tested ( Table 1) . A sequencing-based population-specific approach should reduce the percentage of unknown mutations on the continent and provide much needed data for country-specific population tests. Of the 79 variants identified, 10 are of varying clinical consequence, 5 are synonymous, and 39 are empirically pathogenic. Most of these data were generated as part of the Clinical and Functional Translation of CFTR project (CFTR2), a collaborative initiative that has defined the pathogenicity of variants identified in North American and European CF patients. 61, 62 Sixty percent of the variants identified in Africans have been assessed by CFTR2 and thus have also been described in patients of mainly Caucasian descent. This high percentage may first be explained by the fact that in several studies investigators chose to screen for known mutations that had previously been identified in European patients as opposed to taking an unbiased sequencing approach to identifying CFTR mutations. Second, it has been shown that there is a certain amount of admixture in North American CF patients, whose population substructures reveal African, Indian, and Mexican influences. 65 Third, there is evidence that Europeans returned to Africa after the initial "out of Africa" migration, leading to European admixture among the peoples of the Mother Continent. 66 The impact on CFTR of 25 mutations identified in African CF patients still needs to be investigated. The discovery of CFTR mutations is insufficient evidence of causation because the identified mutations could be benign. Therefore, functional studies, similar to those described recently, 61 need to be conducted on 32% of the mutations listed in Table 1 to ascertain how many are deleterious. It is generally accepted that pathogenic mutations reduce CFTR's ion trafficking ability to less than 10%. 61, 67 Once the pathogenicity of these variants has been empirically established, these data can be used to develop molecular CF diagnostic tests specific to the subpopulations on the African continent.
It should be noted that for 51% of the chromosomes studied, commercially available kits or mutation-specific screening methods were used. Because these kits were largely developed without African data, they could not identify Africa-specific alleles or novel mutations. To underscore the point, 21 of the 25 mutations that require functional studies have been identified only in Africa. Of these 21, 19 are unique to the particular African nation in which they were identified, lending further credence to the idea that CF mutations are likely to be population-specific. Only 3.8% of the chromosomes were subjected to sequencing without first using some less sensitive molecular screen such as PCR-RFLP. While screening is one way to reduce the cost of sequencing the gene, it also introduces the possibility that some mutations may not have been detected, which is less than ideal.
The abundance of private mutations among African CF patient populations is not unexpected because Africans are known to possess the highest level of genomic variation on the planet and the largest number of population-specific alleles. 68 There are several reasons for this, including the fact that Africa is the birthplace of modern humans, the diversity of the African landscape (which includes deserts and the second largest tropical rainforest in the world), and the selection pressure applied by the high burden of various infectious diseases. 69 Genetic diversity is also indicated by the fact that Africa is home to approximately 2,000 ethnolinguistic groups, which may be taken as a proxy for unique genetic subpopulations because individuals are more likely to reproduce with those who speak their language(s). 70 The participants of the Out of Africa migration experienced a population bottleneck that resulted in the loss of the considerable levels of genomic diversity resident in their African forebears. 68, 70 Despite the unparalleled genomic diversity known to exist among Africans, these populations remain understudied, as has been revealed here with African CF patients. To begin to address this genomic knowledge deficit, the African Genome Variation Project (AGVP) genotyped or performed wholegenome sequencing on 16 populations living in sub-Saharan Africa. The project identified 16-24% novel variants and 11-23% private variants among these subgroups. 66 Based on our survey of variants present in African CF patients, 27% of the mutations identified were private, or unique to the continent. Given the known genetic diversity among the peoples of Africa, it is therefore imperative that African nations develop African screening tools to effectively diagnose and manage African CF patients.
Initially, a complete molecular diagnosis was important only to unambiguously determine a patient's CF status. With recent advances in pharmacotherapy, a molecular diagnosis has also become essential to determining the treatment avenues that might benefit a patient. 6 The approval of Kayledeco by the US Food and Drug Administration (FDA), indicated for the treatment of patients carrying at least one G551D mutation, heralded a new era. 7 Kayledeco is a potentiator that addresses gating defects and may thus be useful in the treatment of other class III mutations. It has been shown to improve conductance in cell lines expressing missense and splicing mutations associated with residual CFTR function. 7 Determining what mutations a CF patient has also means knowing what class(es) those mutations fall into and thus what drug therapies, experimental or approved, may be beneficial. More class-specific drugs are being developed, which means that clinicians would also know which clinical trials a patient may be eligible for. African patients can benefit from both of these scenarios only if the investment is made in diagnosing CF at the molecular level.
It is unfortunately the case that genetics services are seen as luxuries in countries where malnutrition and infection still form a large part of the disease burden. However, there may be a higher prevalence of genetic disorders in developing countries, which tend to underreport these diseases, than in developed nations, making genetic services more relevant in the former. The burden of genetic diseases tends to exact a higher cost there as well, due to limited resources. 71 Having a child with an inherited disease also poses the risk of impoverishing the family and putting their siblings at higher risk of poor health and mortality in countries with a high prevalence Review of malnutrition and infection. 72 The WHO therefore says that "Public health authorities must acknowledge the reality that these conditions are indeed major causes of disease, disability, suffering and death in their countries, and recognize that there are approaches for their management and prevention that can significantly reduce their burden in a cost efficient manner" and that "The societal costs of inaction in genetics, measured in terms of avoidable human suffering and burden to public health, are very high. " The agency also recognizes that CF belongs to a group of the more common severe genetic diseases and that it could "contribute significantly to chronic morbidity in childhood in many developing countries. " It therefore points out that "Programs for the prevention and care of affected children with these conditions may significantly reduce the overall burden due to chronic disease at the community level. " 71 The World Health Assembly (WHA) has recognized that a lack of epidemiological data may prevent effective management of birth defects, defined as any structural or functional abnormality present from birth, such as CF. 73 Based on our survey of CF on the continent, there are no published data concerning the search for the molecular cause of CF in most of the African states. Nor are there registries for CF, which means that there are no reliable baseline epidemiological data (such as incidence and prevalence). Additionally, in the absence of populationspecific genetic tests, the true incidence of CF is underreported because there will be an elevated false-negative rate.
The WHA has made several recommendations to improve the treatment of those with birth defects: (i) resources should be devoted to both programs that prevent birth defects and those that provide care for those carrying these defects; (ii) awareness should be raised concerning the importance of newborn screening programs; (iii) data should be collected to accurately determine the scale of the problem; and (iv) appropriate community genetic services should be dispensed within the purview of the primary health-care system. 73 All of these recommendations are relevant to Africa. It is clear from our survey that even with the underreporting there are many CF patients on the continent. A newborn screening program would assist in identifying CF patients soon after birth who could then benefit from starting the appropriate course of treatment earlier, thereby improving their quality of life and longevity. A community genetics approach would allow for both the establishment of national registries and genetic counseling. The former would assist governments in accurately characterizing their CF population and proposing an appropriate public health strategy to improve their overall health. The latter would assist parents of CF patients to understand their child's condition and to make an autonomous decision concerning their future reproductive choices.
By virtue of being born in Africa, CF patients are at a disadvantage and can expect to live only half as long as their European counterparts. 3, 31 This disparity is due in large part to the fact that an effective and comprehensive public health strategy to deal with CF does not exist in Africa. This situation must be viewed in the light of Article 24 of the United Nations' Convention on the Rights of the Child, which states that every child should enjoy "the highest attainable standard of health. " It calls on States to "strive to ensure that no child is deprived of his or her right of access to such health-care services" via the "application of readily available technology. " 74 CF has long been a challenge to health-care systems, particularly among European populations in which the disease prevalence is apparently highest. It is undeniable that CF is also an issue among the people of Africa. However, more epidemiological data need to be gathered in national registries before we can accurately measure the scale of the problem on the Mother Continent. This includes the need to sequence the CFTR of suspected CF patients in all the countries that constitute Africa in order to identify the responsible mutations. Given the diversity of Africans, we can reasonably expect that private mutations will be uncovered. Using these molecular data to diagnose patients and commencing treatment as soon as possible would enable fulfillment of the basic health rights afforded to children by the Convention on the Rights of the Child.
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